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(57) A semiconductor structure includes the first
semiconductor stack (M1G, M2G) and the second sem-
iconductor stack (M3G, M4G) formed over a first region
(A1) and a second region (A2) of a substrate, respective-
ly. The first and second semiconductor stacks extend in
a first direction (X) and are spaced apart from each other
in a second direction (Y). Each of the first semiconductor
stack and the second semiconductor stack includes
channel layers and a gate structure. The channel layers

SEMICONDUCTOR STRUCTURE AND METHOD OF FORMING THE SAME

are formed above the substrate and are spaced apart
from each other in the third direction (Z). The gate struc-
ture includes gate dielectric layers formed around the
respective channel layers, and a gate electrode layer
(29-1, 295M, 29-2, 296M) formed on the gate dielectric
layers to surround the channel layers. The number of
channel layers in the first semiconductor stack is different
from the number of channel layers in the second semi-
conductor stack.
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Description
CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This Application is based on, and claims priority
of U.S. Provisional Application No. 63/006,154 filed on
April 7, 2020, the entirety of which is incorporated by
reference herein.

BACKGROUND OF THE INVENTION
Field of the Invention

[0002] The presentinvention relates to a semiconduc-
tor structure and a method of forming the same, and in
particular to a semiconductor structure including na-
nosheet or nanowire transistors having improved electri-
cal performance and a method of forming the same.

Description of the Related Art

[0003] Inrecentyears, advanced integrated circuit (IC)
devices have become increasingly multifunctional and
have been scaled down in size. Although the scaling
down process generally increases production efficiency
and lowers the associated costs, it has also increased
the complexity of processing and manufacturing IC de-
vices. For example, Fin Field-Effect Transistors (Fin-
FETs) have been introduced to replace planar transis-
tors. Among these FinFETs, gate-all-around (GAA)
structures such as nanosheet or nanowire metal-oxide-
semiconductor field-effect transistors (MOSFET) have
been developed to possess excellent electrical charac-
teristics, such as better power performance and area
scaling compared to the current FinFET technologies.
[0004] Although existing semiconductor structures in-
cluding nanosheet or nanowire transistors and methods
for forming the same have been adequate for their in-
tended purposes, they have notbeen entirely satisfactory
in allrespects. For example, in a semiconductor structure
including nanosheet or nanowire transistors, each of the
semiconductor stacks over the substrate includes the
same number of channel layers over the substrate. How-
ever, it is disadvantageous that the semiconductor stack
for forming a low-power device includes as many channel
layers as the semiconductor stack for forming a high-
power device does. Too many channel layers construct-
ed in the semiconductor stack for forming the low-power
device would lead to a considerable amount of leakage
current while the device is in operation. Therefore, there
are still some problems to be overcome in regards to
semiconductor structures that include nanosheet or na-
nowire transistors in the semiconductor integrated cir-
cuits and technology.

BRIEF SUMMARY OF THE INVENTION

[0005] Some embodiments of the present disclosure
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provide semiconductor structures. An exemplary embod-
iment of a semiconductor structure includes a first sem-
iconductor stack and a second semiconductor stack
formed over the first region and the second region of a
substrate, respectively. The first semiconductor stack
and the second semiconductor stack extend in the first
direction and are spaced apart from each other in the
second direction. The second direction is different from
the first direction. In some embodiments, each of the first
semiconductor stack and the second semiconductor
stack includes channel layers and a gate structure. In
some embodiments, the channel layers are formed
above the substrate and are spaced apart from each oth-
er in the third direction, wherein the third direction is ver-
tical to the first direction and the second direction. Insome
embodiments, the gate structure includes gate dielectric
layers formed around the respective channel layers, and
agate electrode layer formed on the gate dielectric layers
to surround the channel layers. The number of channel
layers in the first semiconductor stack is different from
the number of channel layers in the second semiconduc-
tor stack.

[0006] Some embodiments of the present disclosure
provide a method of forming a semiconductor structure.
First, a structure is provided, including a fin structure over
a substrate, and the fin structure includes a stack of al-
ternating channel layers and sacrificial layers within the
stack; a sacrificial gate structure over the fin structure;
source/drain features on opposite sides of the sacrificial
gate structure, and the source/drain features are adja-
cent to the channel layers in the fin structure; and an
interlayer dielectric (ILD) layer over the substrate and
covering the source/drain features and exposing the sac-
rificial gate structure. The method of forming the semi-
conductor structure also includes removing the sacrificial
gate structure, and removing the sacrificial layers in the
fin structure so that the channel layers in the fin structure
are exposed. The method of forming the semiconductor
structure further includes removing a portion of the ex-
posed channel layers, and forming a gate structure
around the remaining portions of the exposed channel
layers.

[0007] Some embodiments of the present disclosure
provide semiconductor structures. An exemplary embod-
iment of another semiconductor structure includes sem-
iconductor stacks over a substrate, wherein each of the
semiconductor stacks extends in the first direction, and
adjacent semiconductor stacks are spaced apart from
each other in the second direction. In some embodi-
ments, one of the semiconductor stacks includes channel
layers and a gate structure. The channel layers are
formed above the substrate and are spaced apart from
each other in the third direction, wherein the third direc-
tion is vertical to the first direction and the second direc-
tion. In some embodiments, the gate structure includes
gate dielectric layers formed around the respective chan-
nel layers, and a gate electrode layer formed on the gate
dielectric layers to surround the channel layers. Also, the
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first distance is defined as the distance in the third direc-
tion between the top surface of the gate structure of the
semiconductor stack and the top surface of an uppermost
channel layer in the semiconductor stack. The second
distance is defined as the distance in the third direction
between adjacent channel layers in the semiconductor
stack. In some embodiments, the first distance is greater
than 1.3 times the second distance. In some embodi-
ments, the first distance is equal to or greater than 1.5
times the second distance. In some embodiments, the
first distance is equal to or greater than 2.0 times the
second distance.

[0008] A detailed description is given in the following
embodiments with reference to the accompanying draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The presentinvention can be more fully under-
stood by reading the subsequent detailed description and
examples with references made to the accompanying
drawings, wherein:

FIG. 1 is a top view of a semiconductor structure
over a substrate.

FIG. 2A, FIG. 2B, FIG. 3A, FIG. 3B, FIG. 4A, FIG.
4B, FIG. 5A, FIG. 5B, FIG. 6, FIG. 7, FIG. 8, FIG. 9,
FIG. 10, FIG. 11, FIG. 12 and FIG. 13 are cross-
sectional views of intermediate stages of a method
forforming a semiconductor structure, inaccordance
with some embodiments.

FIG. 2A, FIG. 3A, FIG. 4A and FIG. 5A are cross-
sectional views taken along sectional line A-A of the
semiconductor structure in FIG. 1.

FIG. 2B, FIG. 3B, FIG. 4B and FIG. 5B are cross-
sectional views taken along sectional line B-B of the
semiconductor structure in FIG. 1.

FIG. 14 is a perspective view of a semiconductor
structure of FIG. 13, in accordance with some em-
bodiments.

FIG. 15 is a cross-sectional view of another semi-
conductor structure, in accordance with some em-
bodiments.

DETAILED DESCRIPTION OF THE INVENTION

[0010] The following description is of the best-contem-
plated mode of carrying out the invention. This descrip-
tion is made for the purpose of illustrating the general
principles of the invention and should not be taken in a
limiting sense. The scope of the invention is determined
by reference to the appended claims.

[0011] The inventive concept is described fully herein-
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after with reference to the accompanying drawings, in
which exemplary embodiments of the inventive concept
are shown. The advantages and features of the inventive
concept and methods of achieving them will be apparent
from the following exemplary embodiments that will be
described in more detail with reference to the accompa-
nying drawings. It should be noted, however, that the
inventive conceptis notlimited to the following exemplary
embodiments, and may be implemented in various forms.
Accordingly, the exemplary embodiments are provided
only to disclose the inventive concept and let those skilled
in the art know the category of the inventive concept.
Also, the drawings as illustrated are only schematic and
are non-limiting. In the drawings, the size of some of the
elements may be exaggerated for illustrative purposes
and not drawn to scale. The dimensions and the relative
dimensions do not correspond to actual dimensions in
the practice of the invention.

[0012] The terminology used herein is for the purpose
of describing particular embodiments only and is not in-
tended to limit the invention. As used herein, the singular
terms"a," "an" and "the" are intended to include the plural
forms as well, unless the context clearly indicates other-
wise. As used herein, the term "and/or" includes any and
all combinations of one or more of the associated listed
items. It should be understood that when an element is
referred to as being "connected" or "contacting" to an-
other element, it may be directly connected to or contact-
ing the other element, or intervening elements may be
present.

[0013] Similarly, it should be understood that when an
element such as a layer, region or substrate is referred
to as being "on" another element, it can be directly on
the other element or intervening elements may be
present. In contrast, the term "directly" means that there
are nointervening elements. It should be understood that
the terms "comprises"”, "comprising”, "includes" and/or
"including”, when used herein, specify the presence of
stated features, integers, steps, operations, elements,
and/or components, but do not preclude the presence or
addition of one or more other features, integers, steps,
operations, elements, components, and/or groups there-
of.

[0014] Furthermore, spatially relative terms, such as
"beneath,""below," "lower," "above," "upper" and the like,
may be used herein for ease of description to describe
one element or feature’s relationship to another ele-
ment(s)or feature(s) asillustratedinfigures. The spatially
relative terms are intended to encompass different ori-
entations of the device in use or operation in addition to
the orientation depicted in the figures. It should be un-
derstood that although the terms first, second, third etc.
may be used herein to describe various elements, these
elements should not be limited by these terms. These
terms are only used to distinguish one element from an-
other element. Thus, a first element in some embodi-
ments could be termed a second element in other em-
bodiments without departing from the teachings of the
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present invention. Exemplary embodiments of aspects
of the presentinventive conceptexplained and illustrated
herein include their complementary counterparts. The
same or similar reference numerals or reference desig-
nators denote the same or similar elements throughout
the specification.

[0015] Some embodiments of the disclosure are de-
scribed. It should be noted that additional operations can
be provided before, during, and/or after the stages de-
scribed in these embodiments. Some of the stages that
are described can be replaced or eliminated for different
embodiments. Additional features can be added to the
semiconductor device structure. Some of the features
described below can be replaced or eliminated for differ-
entembodiments. Although some embodiments are dis-
cussed with operations performed in a particular order,
these operations may be performed in another logical
order.

[0016] FIG. 1isatop view of a semiconductor structure
over a substrate. In some embodiments, the semicon-
ductor structure is a three-dimensional or non-planar
transistor. In some embodiments, the semiconductor
structure is a fin field-effect transistor (FinFET) structure
including several channel layers vertically stacked in one
of the fin structures. Those channel layers may also be
referred to as a multi-bridge channel, several nanoslabs,
several nanosheets or several nanowires, depending on
the dimensions of the channel layers. Also, the shape of
a cross section of the wires may be round, square, hex-
agonal, or another shape.

[0017] Referring to FIG. 1, a semiconductor structure
1 includes a substrate 10 having the first region A1 and
the second region A2. As shown in FIG. 1, several mul-
tilayered fins M1 and M2 are formed over the first region
A1 of the substrate 10, and a gate structure GE is across
the multilayered fins M1 and M2 to form semiconductor
stacks M1g and M2 in the first region A1. Similarly, sev-
eral multilayered fins M3 and M4 are formed over the
second region A2 of the substrate 10, and another gate
structure GE is across the multilayered fins M3 and M4
to form semiconductor stacks M35 and M4 in the sec-
ond region A2.

[0018] To simplify the diagram, only two multilayered
fins M1 and M2 over the first region A1 of the substrate
10 and two multilayered fins M3 and M4 over the second
region A2 of the substrate 10 are depicted herein. The
multilayered fins M1, M2, M3 and M4 may extend in the
firstdirection D1 (such as X-direction), and the gate struc-
tures GE may extend in the second direction D2. In some
embodiments, the semiconductor stacks M15 and M2
are nanosheet stacks or nanowire stacks, and each of
the semiconductor stacks includes nanosheet or na-
nowire transistors. As shown in FIG. 1, adjacent multi-
layered fins M1 and M2 (or adjacent multilayered fins M3
and M4) are spaced apart from each other in the second
direction D2 (such as Y-direction). The second direction
D2 is different from the first direction Di, and may be
perpendicular to the first direction D1.
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[0019] It should be noted that the second region A2
may be adjacent to the first region A1 or away from the
first region A1, depending on the design requirements of
the application. In some embodiments, the first region
A1 ofthe substrate 10is provided for forming one or more
transistors of the high-power devices, and the second
region A2 is provided for forming one or more transistors
of the low-power devices. According to some embodi-
ments of the present disclosure, the numbers of channel
layers in the semiconductor stacks over different regions
of the same substrate can be different to meet the per-
formance requirements of the devices formed on those
regions. For example, the number of channel layers of a
low-power device can be selectively reduced to decrease
leakage current, thereby improving the electrical per-
formance of the device.

[0020] According to some embodiments of the present
disclosure, a semiconductor structure and a method of
forming the same are described below, wherein the num-
bers of channel layers in the semiconductor stacks re-
spectively over the first region and the second region can
be different. In some embodiments, after the method of
forming the semiconductor structure in some embodi-
ments is performed, the semiconductor stack for forming
a transistor of a low-power device may have N-1 or N-2
channel layers by removing one or more channel layers,
while N channel layers in the semiconductor stack are
kept for forming a transistor of a high-power device,
wherein N is an positive integer equal to or greater than
3. Also, it should be noted that the present disclosure is
not limited to the method provided herein. Those steps
described below are merely for providing one example
of the fabrication.

[0021] FIG. 2A, FIG. 2B, FIG. 3A, FIG. 3B, FIG. 4A,
FIG. 4B, FIG. 5A, FIG. 5B, FIG. 6, FIG. 7, FIG. 8, FIG.
9, FIG. 10, FIG. 11, FIG. 12 and FIG. 13 are cross-sec-
tional views of intermediate stages of a method for form-
ing a semiconductor structure, in accordance with some
embodiments. FIG. 2A, FIG. 3A, FIG. 4A and FIG. 5A
are cross-sectional views taken along sectional line A-A
of the semiconductor structure in FIG. 1. FIG. 2B, FIG.
3B, FIG. 4B and FIG. 5B are cross-sectional views taken
along sectional line B-B of the semiconductor structure
in FIG. 1.

[0022] Referring to FIG. 2A and FIG. 2B, a substrate
10 is provided, and several semiconductor strips are
formed over the substrate 10. In one embodiment, the
semiconductor strips S1 and S2 are formed over the first
region A1 of the substrate 10, and the semiconductor
strips S3 and S4 are formed over the second region A2
of the substrate 10. The first region A1 is separated from
the second region A2. Also, the adjacent semiconductor
strips in the same region, such as the semiconductor
strips S1 and S2 in the first region A1 and the semicon-
ductor strips S3 and S4 in the second region A2, are
spaced apart from each other in the second direction D2
(such as Y-direction). In some embodiments, each of the
semiconductor strips S1, S2, S3 and S4 may include sev-
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eral sacrificial layers 11 and several channel layers 12
alternately formed on the substrate 10. The channel lay-
ers 12 of the semiconductor strips S1, S2, S3 and S4 are
physically separated from the substrate 10, while the low-
ermost sacrificial layers 11 of the semiconductor strips
S1, S2, S3 and S4 physically contact the substrate 10.
Also, the spaces in the third direction D3 (such as Z-
direction) between adjacent channel layers can be dif-
ferent or the same. For example, the space in the third
direction D3 (such as Z- direction) between the two low-
ermost channel layers may be greater than the space
between the two uppermost channel layers. In this em-
bodiment, same spaces between adjacent channel lay-
ers 12in the third direction D3 are depicted forillustration.
[0023] Insome embodiments, the substrate 10is abulk
semiconductor substrate, such as a semiconductor wa-
fer. For example, the substrate 10 includes silicon or an-
other elementary semiconductor material such as ger-
manium. The substrate 100 may be un-doped or doped
(e.g., p-type, n-type, or a combination thereof). In some
embodiments, the substrate 10 includes an epitaxially
grown semiconductor layer on a dielectric layer. The epi-
taxially grown semiconductor layer may be made of sili-
con germanium, silicon, germanium, one or more other
suitable materials, or a combination thereof. In some oth-
er embodiments, the substrate 10 includes a multi-lay-
ered structure. For example, the substrate 10 includes a
silicon-germanium layer formed on a bulk silicon layer.
[0024] The semiconductor strips S1, S2, S3 and S4
may be formed/patterned by any suitable method. The
steps below are provided for describing one applicable
method for forming the semiconductor strips S1, S2, S3
and S4. In some embodiments, several sacrificial layers
11 and several channel layers 12 are alternately depos-
ited over the substrate 10, followed by depositing a pat-
terned hard mask layer 14 on the uppermost sacrificial
layer. Then, the sacrificial layers 11 and the channel lay-
ers 12 are patterned using the patterned hard mask layer
14, thereby forming the semiconductor strips S1, S2, S3
and S4 over the substrate 10. The patterned hard mask
layer 14 may be a silicon nitride layer or a patterned layer
formed by one or more other suitable materials. The sem-
iconductor strips S1 and S2 over the first region of the
substrate are separated by the first trench 15. Similarly,
the semiconductor strips S3 and S4 over the second re-
gion of the substrate are separated by the first trench 15.
In some embodiments, the semiconductor strips S1, S2,
S3 and S4 extend in the first direction D1 (such as X-
direction), as shown in FIG. 2A. Also, the semiconductor
strips S1, S2, S3 and S4 are arranged along the second
direction D2 (such as Y-direction), as shown in FIG. 2B.
That is, the semiconductor strips S1 and S2 are spaced
apart from each other in the second direction D2.
[0025] To simplify the diagram, three channel layers
12 (such as the first channel layer 12-1, the second chan-
nel layer 12-2 and the third channel layer 12-3) and four
sacrificial layers 11 (such as the first sacrificial layer 11-1,
the second sacrificial layer 11-2, the third sacrificial layer
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11-3 and the fourth sacrificial layer 11-4) are depicted
herein for illustrating the material layers of each of the
semiconductor strips S1, S2, S3 and S4. Also, although
two semiconductor strips S1, S2, S3 and S4 are depicted
herein to simplify the diagram of the embodiment, more
semiconductor strips may be formed on the substrate 10,
and adjacent two semiconductor strips are separated by
the first trench 15.

[0026] Also, as shown in FIG. 2B, in each of the sem-
iconductor strips S1, S2, S3 and S4, the channel layers
12 (such as the first channel layer 12-1, the second chan-
nel layer 12-2 and the third channel layer 12-3) above
the substrate 10 are spaced apart from each other in the
third direction D3 (such as Z- direction). The third direc-
tion D3 is vertical to the first direction D1 and the second
direction D2. In some embodiments, the space between
the first channel layer 12-1 and the second channel layer
12-2 is substantially equal to the space between the sec-
ond channel layer 12-2 and the third channel layer 12-3.
[0027] Specifically, as shown in FIG. 2B, the first sac-
rificial layer 11-1, the second sacrificial layer 11-2, the
third sacrificial layer 11-3 and the fourth sacrificial layer
11-4 have the thicknesses t1, t2, t3 and t4, respectively.
In some embodiments, the first space is defined as the
distancein the third direction D3 between the first channel
layer 12-1 and the second channel layer 12-2 (e.g. the
two lowermost channel layers in this example), and the
first space is identical to the thickness t2 of the second
sacrificial layer 11-2. In some embodiments, the second
space is defined as the distance in the third direction D3
between the second channel layer 12-2 and the third
channel layer 12-3 (e.g. the two uppermost channel lay-
ers in this example), and the second space is identical
to the thickness t3 of the third sacrificial layer 11-3. Ac-
cording to some embodiments of the present disclosure,
the first space (e.g. equal to the thickness t2) is substan-
tially equal to the second space (e.g. equal to the thick-
ness t3) (2 = t3). In addition, the thickness t1 of the first
sacrificial layer 11-1 may be substantially equal to the
thickness t2 of the second sacrificial layer 11-2, and the
thickness t4 of the fourth sacrificial layer 11-4 may be
equal to the thickness t3 of the third sacrificial layer 11-3.
[0028] Insome embodiments, each of the channel lay-
ers 12 of the semiconductor strips S1, S2, S3 and S4
include one or more elements selected from group IV
semiconductor materials, such as Si (intrinsic Si or lightly
doped Si), Ge (intrinsic Ge or lightly doped Ge), SiGe, or
a compound including Sn or Pb. In some embodiments,
the channel layers 12 include a compound formed by
elements selected from group IlI-V semiconductor ma-
terials, such as GaAs, InAs or InSb. It should be noted
that the channel layer 12 of the present disclosure is not
limited to include the aforementioned materials.

[0029] In addition, the channel layers 12 in one of the
semiconductor strips are made of the same material or
the same compound with the same molar ratio of two or
more elements. In some embodiments, the channel lay-
ers 12 in one semiconductor strip are made of silicon
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(Si). In some other embodiments, the channel layers 12
in one semiconductor strip are made of silicon germani-
um, wherein the molar ratios of silicon and germanium
in each of the channel layers 12 are identical. For exam-
ple, the channel layers 12 in one semiconductor strip are
formed by Si_,Gey, Si.,Ge,, Si1,Ge,, wherein x =
y = z. Also, the sacrificial layers 11 can be formed by a
different material than the channel layers 12, and will be
removed in a later process. In thisembodiment, the chan-
nel layers 12 are made of silicon (Si), and the sacrificial
layers 11 are made of silicon germanium (SiGe).
[0030] Next, referring to FIG. 3A and FIG. 3B, in some
embodiments, an insulating layer 16 is deposited over
the semiconductor strips S1, S2, S3 and S4, and fills the
first trenches 15 between the semiconductor strips S1
and S2 and the semiconductor strips S3 and S4. A
planarization process, such as a chemical mechanical
polishing (CMP) process, is performed to remove the ex-
cess portion of the insulating layer 16 above the patterned
hard mask layer 14. Then, a patterned mask 18 can be
formed on the patterned hard mask layer 14 and the in-
sulating layer 16. The semiconductor strips S1, S2, S3
and S4 can optionally be patterned to form the second
trenches 19, thereby defining several multilayered fins
covered by the patterned mask 18. The number of mul-
tilayered fins depends on design requirements. As shown
in FIG. 3A, two second trenches 19 extending in the sec-
ond direction D2 define three multilayered fins in each of
the first region A1 and the second region A2, and one
multilayered fin M1 with a full width in the first direction
D1 is shown in FIG. 3A to simplify the diagram of the
embodiment. As shown in FIG. 3B, the patterned mask
18 is formed on the multilayered fins M1 and M2 in the
first region A1, and the multilayered fins M1 and M2 are
spaced apart from each other in the second direction D2
(such as Y-direction). The patterned mask 18 is also
formed on the multilayered fins M3 and M4 in the second
region A2, and the multilayered fins M3 and M4 are
spaced apart from each other in the second direction D2.
[0031] In some embodiments, the patterned mask 18
may include an organic planarizing layer, an anti-reflec-
tive coating (ARC) film, a photoresist layer, or other suit-
able materials. The patterned mask 18 can be applied in
different layout configurations to define the number and
the lengths of multilayered fins M1, M2, M3 and M4. The
length L1 of the multilayered fin M1 in the first direction
D1 is shown in FIG. 3A.

[0032] To form nanosheet or nanowire transistors of
the semiconductor structure in accordance with some
embodiments of the present disclosure, the sacrificial lay-
ers 11 in the multilayered fins have to be removed, fol-
lowed by forming a gate structure across selected mul-
tilayered fins and wrapping around the channel layers in
the selected multilayered fins.

[0033] One of the applicable processes (i.e. FIG. 4A,
FIG. 4B, FIG. 5A, FIG. 5B, FIG. 6, FIG. 7 and FIG. 8) is
provided below for exemplifying the removal of the sac-
rificial layers 11 in the multilayered fins.
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[0034] Referring to FIG. 4A and FIG. 4B, in some em-
bodiments, the patterned mask 18 is removed, and the
material of the patterned hard mask layer 14 is deposited
on the multilayered fins M1, M2, M3 and M4 and fills the
second trenches 19. A planarization process, such as a
chemical mechanical polishing (CMP) process, can be
performed to remove the excess portion of the patterned
hard mask layer 14 above the insulating layer 16, thereby
exposing the insulating layer 16. As shown in FIG. 4B,
the insulating layer 16 filling the first trenches 15 is ex-
posed between the multilayered fins M1 and M2 arranged
separately in the second direction D2 after polishing the
patterned hard mask layer 14.

[0035] Next, referring to FIG. 5A and FIG. 5B, in some
embodiments, the insulating layer 16 in the first trenches
15 is recessed, and the remaining portions of the insu-
lating layer 16 form isolation features (such as shallow
trench isolations, STI) 161 between adjacent two of the
multilayered fins M1, M2, M3 and M4. After the insulating
layer 16 is recessed, opposite sidewalls of the sacrificial
layers 11 and opposite sidewalls of the channel layers
12 of the multilayered fins M1, M2, M3 and M4 are ex-
posed in the first trenches 15 (FIG. 5B), and the other
two opposite sidewalls of the sacrificial layers 11 and the
channel layers 12 of the multilayered fins M1 and M2 are
covered by the material of the patterned hard mask layer
14 filling in the second trenches 19.

[0036] For example, as shown in FIG. 5B, in the mul-
tilayered fins M1 and M2 over the first region A1 of the
substrate 10, the sidewalls 11-1S of the first sacrificial
layer 11-1, the sidewalls 12-1S of the first channel layer
12-1, the sidewalls 11-2S of the second sacrificial layer
11-2, the sidewalls 12-2S of the second channel layer
12-2, the sidewalls 11-3S of the third sacrificial layer 11-3,
the sidewalls 12-3S of the third channel layer 12-3, the
sidewalls 11-4S of the fourth sacrificial layer 11-4 and
the sidewalls 14-S of the patterned hard mask layer 14
are revealed by the first trenches 15. Also, take the mul-
tilayered fin M1 as an example, the sidewalls 11-1E of
the first sacrificial layer 11-1, the sidewalls 12-1E of the
firstchannel layer 12-1, the sidewalls 11-2E of the second
sacrificial layer 11-2, the sidewalls 12-2E of the second
channel layer 12-2, the sidewalls 11-3E of the third sac-
rificial layer 11-3, the sidewalls 12-3E of the third channel
layer 12-3 and the sidewalls 11-4E of the fourth sacrificial
layer 11-4 are covered by the material of the patterned
hard mask layer 14 filling in the second trenches 19, as
shown in FIG. 5A. That is, two opposite sidewalls (e.g.
the sidewalls 12-1E, 12-2E and 12-3E) of the channel
layers 12 of the multilayered fins M1 and M2 are secured
(or anchored) by the material of the patterned hard mask
layer 14 in the second trenches 19.

[0037] Referring to FIG. 6, a structure with sacrificial
gate structures 23 and an ILD layer 25 is then provided.
In some embodiments, after forming the multilayered fins
M1, M2, M3 and M4 shown in FIG. 5B, each of the sac-
rificial gate structures 23 (such as the first sacrificial gate
structure 231 over the first region A1 and the second
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sacrificial gate structure 232 over the second region A)
is formed across selected multilayered fins and around
three surfaces of the multilayered fins over the respective
region of the substrate 10. In some embodiments, the
sacrificial gate structures 23 extend in the second direc-
tion D2 and across one or more multilayered fins (e.g.
two multilayered fins in each of the first region A1 and
the second region A2). In some embodiments, each of
the sacrificial gate structures 23 may include silicon (such
as polysilicon) or other suitable materials. The sacrificial
gate structure can be a single layer or a multi-layered
structure. Subsequently, source/drain (S/D)features (not
shown in FIG. 6) (e.g. the source/drain (S/D) features
235 and 236 shown in FIG. 14) are formed on opposite
sides of the sacrificial gate structures 23, and an inter-
layer dielectric (ILD) material is deposited to cover the
S/D features and the sacrificial gate structures 23, and
then partially removed to expose the sacrificial gate struc-
tures 23 and form the ILD layer 25, thereby forming the
structure of FIG. 6. In some embodiments, details of a
method for forming the structure of FIG. 6 are described
below.

[0038] In some embodiments, after the sacrificial gate
structures 23 are formed in the first region A1 and the
second region A2, the portions of the multilayered fins
M1, M2, M3 and M4 that are uncovered by the sacrificial
gate structures 23 (i.e. corresponding to regions for form-
ing source/drain features) are recessed down below the
upper surface of the isolation features (such as STI) 161,
by using dry etching and/or wet etching.

[0039] Then, the source/drain (S/D) features (not
shown in FIG. 6)(e.g. the source/drain (S/D) features 235
and 236 shown in FIG. 14) are grown on the recessed
surfaces of the multilayered fins. In each of the firstregion
A1 and the second region A2, the source/drain (S/D) fea-
tures are formed on opposite sides of the sacrificial gate
structure 23, and the source/drain features are adjacent
to the channel layers 12 of the multilayered fins covered
by the sacrificial gate structure 23. In some embodi-
ments, the source/drain (S/D) features includes one or
more layers of Si, SiP, SiC and SiCP for an n-channel
FET or Si, SiGe, Ge for a p-channel FET. In some em-
bodiments, the source/drain (S/D) features are formed
by an epitaxial growth method using CVD, ALD or mo-
lecular beam epitaxy (MBE).

[0040] Subsequently, an interlayer dielectric material
is deposited to cover the S/D features and the sacrificial
gate structures 23 in the first region A1 and the second
region A2. Then, the interlayer dielectric material is par-
tially removed by any suitable planarization process,
such as CMP, to form an ILD layer 25, wherein the sac-
rificial gate structures 23 are exposed. As shown in the
structure of FIG. 6, after the ILD layer 25 is formed, the
top surfaces of the sacrificial gate structures 23 is sub-
stantially level with the top surface of the ILD layer 25, in
accordance with some embodiments. The materials for
the ILD layer 25 may include compounds of Si, O, C
and/or H. In some embodiments, the ILD layer 25 in-
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cludes silicon oxide, SiCOH, SiOC, and a combination
thereof. Organic materials, such as polymers, may be
used for the ILD layer 25.

[0041] In some embodiments, as shown in the struc-
ture of FIG. 6, the multilayered fins M1 and M2 covered
by the sacrificial gate structure 23 can be referred to as
first fin structures M1 and M2 over the first region A1 of
the substrate 10, wherein this sacrificial gate structure
23 over thefirst fin structures M1 and M2 in the first region
A1 can be referred to as the first sacrificial gate structure
231. Each of the first fin structures M1 and M2 includes
a first stack (also referred to as a first semiconductor
stack) of alternating channel layers 12 and sacrificial lay-
ers 11 within the first stack. Also, the source/drain fea-
tures in the first region A1 (not shown in FIG. 6) can be
referred to as first source/drain features on opposite
sides of the first sacrificial gate structure 231 and adja-
cent to the channel layers 12 of at least one of the first
fin structures M1 and M2.

[0042] Similarly, the multilayered fins M3 and M4 cov-
ered by another sacrificial gate structure 23 can also be
referred to as second fin structures M3 and M4 over the
second region A2 of the substrate 10, wherein this sac-
rificial gate structure 23 over the second fin structures
M3 and M4 in the second region A2 can be referred to
as the second sacrificial gate structure 232. Each of the
second fin structures M3 and M4 includes a second stack
(also referred to as a second semiconductor stack) of
alternating channel layers 12 and sacrificial layers 11
within the second stack. Also, the source/drain features
in the second region A2 (not shown in FIG. 6) can be
referred to as second source/drain features on opposite
sides of the second sacrificial gate structure 232 and ad-
jacent to the channel layers 12 of at least one of the sec-
ond fin structures M3 and M4. Although each of the sac-
rificial gate structures (or metal gate structures formed
inthe subsequent processes)is formed over two fin struc-
tures, the disclosure is not limited to the exemplified em-
bodiment. In some other embodiments, a sacrificial gate
structure (or a metal gate structure formed in the subse-
quent processes) can be formed over one fin structure,
or over several fin structures such as three or more than
three fin structures, depending on the design require-
ments.

[0043] In some embodiments, the interlayer dielectric
(ILD) layer 25 covers the first source/drain features (e.g.
235 in FIG. 14) and the second source/drain features
(e.g.236in FIG. 14), and the first sacrificial gate structure
231 and the second sacrificial gate structure 232 are ex-
posed. As shown in FIG. 6, the top surface 231a of the
first sacrificial gate structure 231 and the top surface 232a
of the second sacrificial gate structure 232 are substan-
tially level with the top surface 25a of the ILD layer 25.
[0044] As shown in FIG. 7, the sacrificial gate struc-
tures 23 are removed. In some embodiments, the first
sacrificial gate structure 231 and the second sacrificial
gate structure 232 are removed to form the first space
241 and the second space 242, respectively. In some
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embodiments, the first sacrificial gate structure 231 over
the first fin structures M1 and M2 and the second sacri-
ficial gate structure 232 over the second fin structures
M3 and M4 are removed in the same removing process.
As shown in FIG. 7, after the sacrificial gate structures
23 are removed, the first fin structures M1 and M2 are
exposed in the first space 241, and the second fin struc-
tures M3 and M4 are exposed in the second space 242,
in accordance with some embodiments.

[0045] As shown in FIG. 8, the sacrificial layers 11 of
the fin structures are removed, so that the channel layers
12 of the fin structures are exposed. This step ofremoving
the sacrificial layers 11 may also be referred to as a wire
release step or a sheet formation step (e.g. nanosheet
formation step). In some embodiments, the sacrificial lay-
ers 11 (including the first sacrificial layer 11-1, the second
sacrificial layer 11-2, the third sacrificial layer 11-3 and
the fourth sacrificial layer 11-4) of each of the first fin
structures M1, M2 and the second fin structures M3, M4
are removed in the same removing process. The sacri-
ficial layers 11 can be removed using an isotropic dry or
wet etching process thatis selective to the channel layers
12.

[0046] In FIG. 8, the channel layers 12 in the first fin
structures M1, M2 and the second fin structures M3, M4
appear to be floating. However, the material of the pat-
terned hard mask layer 14 in the second trenches 19
secure two ends of the channel layers 12.

[0047] According to some embodiments of the disclo-
sure, after the sacrificial gate structures (e.g. the first sac-
rificial gate structure 231 and the second sacrificial gate
structure 232) and the sacrificial layers 11 (such as the
SiGe layers) have been removed, the numbers of the
channel layers in the fin structures in different regions
can be selectively reduced, by removing a portion of the
exposed channel layers (e.g. one or more exposed chan-
nel layers) of the fin structures in one or more regions.
Accordingly, the number of channel layers of one or more
fin structures can meet the requirements of operation
conditions, thereby reducing leakage currentand improv-
ing electrical performance of the semiconductor device.
One of the applicable processes (such as steps in FIG.
9,FIG.10and FIG. 11)is provided below for exemplifying
the reduction in the number of channel layers of one or
more fin structures that form transistors of one or more
low-power devices over certain region(s) of the substrate
10 in the subsequent processes.

[0048] Referring to FIG. 9, according to some embod-
iments, a mask layer 27 is formed over the substrate 10.
In some embodiments, the mask layer 27 includes the
first material layer 271, the second material layer 272 on
the first material layer 271, and the third material layer
273 on the second material layer 272. The first material
layer 271 fully filling the first space 241 and the second
spaces 242 that are formed by removing the first sacrifi-
cial gate structure 231 and the second sacrificial gate
structure 232, respectively. As shown in FIG. 9, the first
material layer 271 covers the exposed channel layers 12
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of the first stacks and the second stacks over the respec-
tive firstregion A1 and the second region A2. The second
material layer 272 is conformally formed on the first ma-
terial layer 271. The second material layer 272 also
shields the first stacks of the first fin structures M1 and
M2 over the firstregion A1, and shields the second stacks
of the second fin structures M3 and M4 over the second
region A2. The third material layer 273 includes a pattern
for exposing a portion of the second material layer 272
over the second region A2 of the substrate 10. Subse-
quently, the pattern of the third material layer 273 is trans-
ferred to the second material layer 272, thereby exposing
the portion of the first material layer 271 that covers the
exposed channel layers 12 of the second stacks of the
second fin structures M3 and M4 over the second region
A2.

[0049] In some embodiments, the first material layer
271 includes one or more organic materials with good
fluidity, or another suitable material. The second material
layer 272 on the first material layer 271 may include a
hard mask layer, such as a silicon nitride layer or another
suitable material layer. The second material layer 272
protects the underlying first material layer 271. The third
material layer 273 on the second material layer 272 may
include a photoresist layer, or another suitable material.
[0050] ReferringtoFIG. 10, according to some embod-
iments, the portion of the first material layer 271 that cov-
ers the exposed channel layers 12 of the second stacks
over the second region A2 is partially removed, thereby
exposing one or more channel layers 12 of the second
stacks overthe second region A2. Then, the third material
layer 273 and the second material layer 272 are removed.
[0051] Inthis embodiment, the uppermost channel lay-
ers in the second stacks of the second fin structures M3
and M4 over the second region A2 are exposed. As show
in FIG. 10, the portion 271-1 of the first material layer 271
fills up the first space 241 over the first region A1 and
fully covers the channel layers 12 of the first stacks of
the first fin structures M1 and M2. The remaining portion
271-2 of the first material layer 271 in the second space
242 over the second region A2 exposes the uppermost
channel layer (such as the third channel layers 12-3) and
covers the remained channel layers (such as the first
channel layers 12-1 and the second channel layers 12-2)
of the second stacks of the second fin structures M3 and
M4.

[0052] Referring to FIG. 11, according to one embod-
iment, the exposed uppermost channel layers (such as
the third channel layers 12-3) of the second stacks of the
second fin structures M3 and M4 over the second region
A2 are removed. In some embodiments, the exposed
uppermost channel layer can be removed using a dry or
wet etching process that is selective to the first material
layer 271. After the number of channel layers is reduced,
each of the second stacks of the second fin structures
M3’ and M4’ includes two channel layers, as shown in
FIG. 11.

[0053] Afterthe reductioninthe numberof channel lay-
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ers in the selected stacks of the fin structures over one
or more certain regions is performed, the first material
layer 271, including the portion 271-1 filling up the first
space 241 over the first region A1 and the remaining
portion 271-2 in the second space 242 over the second
region A2, is removed.

[0054] After the first material layer 271 is removed, a
gate structure is formed around the remaining portions
of the exposed channel layers in the fin structures over
the substrate 10, such as the first fin structures M1 and
M2 over the first region A1 and the second fin structures
M3’ and M4’ over the second region A2. In some embod-
iments, each of the gate structures includes a gate die-
lectric layer 28 and a gate electrode GE.

[0055] Referringto FIG. 12, according to some embod-
iments, the gate dielectric layers 28 are formed for sur-
rounding the respective channel layers 12. Specifically,
as shown in FIG. 12, the gate dielectric layers 281, 282
and 283 (that collectively form the first gate dielectric lay-
er 28-1) are formed on two opposite sidewalls, the top
surfaces and the bottom surfaces of the channel layers
12-1, 12-2 and 12-3 of the first fin structures M1 and M2
over the first region A1, respectively. Also, the gate die-
lectric layers 281 and 282 (that collectively form the sec-
ond gate dielectriclayer 28-2) are formed on two opposite
sidewalls, the top surfaces and the bottom surfaces of
the channel layers 12-1 and 12-2 of the second fin struc-
tures M3’ and M4’ over the second region A2, respec-
tively.

[0056] In some embodiments, each of the gate dielec-
tric layers 281, 282 and 283 includes one or more high-
k dielectric materials, such as the dielectric materials with
a dielectric constant (k) greater than that of silicon diox-
ide, wherein the dielectric constant of silicon dioxide is
about 3.7 to 3.9.

[0057] Referringto FIG. 13, according to some embod-
iments, the first gate electrodes GE-1 and the second
gate electrodes GE-2 (collectively form a gate electrode
GE) fill the first space 241 over the first region A1 and
the second space 242 over the second region A2, re-
spectively. Each of the first gate electrodes GE-1 and the
second gate electrodes GE-2 is formed at least on the
sidewalls, the top surfaces and the bottom surfaces of
the gate dielectric layers 281, 282 and 283. Also, after
the first gate electrodes GE-1 and the second gate elec-
trodes GE-2 are formed, the first fin structures M1 and
M2 and the first gate electrodes GE-1 on the first fin struc-
tures M1 and M2 over the first region A1 can be referred
to as first semiconductor stacks M1 and M2. Similarly,
the second fin structures M3’ and M4’ and the second
gate electrodes GE-2 on the second fin structures M3’
and M4’ over the second region A2 can be referred to as
second semiconductor stacks M35 and M4,

[0058] According to the embodiments of the present
disclosure, each of the first gate structures may include
the first gate dielectric layer 28-1 and the first gate elec-
trodes GE-1. Each of the second gate structures may
include the second gate dielectric layer 28-2 and the sec-
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ond gate electrodes GE-2. In some embodiments, the
gate electrode of the gate structures may not include a
work function tuning layer. However, in some other em-
bodiments, the gate electrodes may include work func-
tion tuning layers (e.g. 29-1 and 29-2 shown in FIG. 13)
and metal filling layers (e.g. 295M and 296M shown in
FIG. 13).

[0059] FIG. 13 is a cross-sectional view of a semicon-
ductor structure in accordance with some embodiments,
which depicts the work function tuning layers 29-1 (in-
cluding the work function tuning layers 291, 292 and 293
over the first region A1) and 29-2 (including the work
function tuning layers 291 and 292 over the second re-
gion A2) surrounding the gate dielectric layers 28-1 and
28-2, respectively. FIG. 13 also depicts the metal filling
layers 295M and 296M around the work function tuning
layers 29-1 and 29-2, respectively.

[0060] Each ofthe first gate structures may include the
first gate dielectric layer 28-1 and the first gate electrodes
GE-1. Thefirst gate electrode GE-1 may include the met-
alfilling layer 295M, or a combination of the work function
tuning metal layer 29-1 and the metal filling layer 295M,
as shown in FIG. 13. Similarly, each of the second gate
structures may include the second gate dielectric layer
28-2 and the second gate electrodes GE-2. The second
gate electrode GE-2 may include the metal filling layer
296M, or a combination of the work function tuning metal
layer 29-2 and the metal filling layer 296M, as shown in
FIG. 13. Also, in some embodiments, the first gate die-
lectric layer 28-1 may electrically insulate the channel
layers 12 from the first gate electrodes GE-1, and the
second gate dielectriclayer 28-2 may electrically insulate
the channel layers 12 from the second gate electrodes
GE-2.

[0061] The work function tuning layers 29-1 and 29-2
of the gate electrodes GE-1 and GE-2 may be formed to
provide the desired work function for nanosheet or na-
nowire transistors to enhance electrical performance in-
cluding improved threshold voltage. In some embodi-
ments, the work function tuning layers may include metal,
metal carbide, metal nitride, other suitable materials, or
a combination thereof. For example, the work function
tuning layers include tantalum nitride, tungsten nitride,
titanium, titanium nitride, other suitable materials, or a
combination thereof. Also, in some other embodiments,
the work function tuning layers is an aluminum-containing
layer. For example, the aluminum-containing layer in-
cludes TiAIC, TiAlO, TiAIN, one or more other suitable
materials, or a combination thereof. The work function
tuning layer may be deposited using an atomic layer dep-
osition (ALD) process, a chemical vapor deposition
(CVD) process, a physical vapor deposition (PVD) proc-
ess, an electroplating process, an electroless plating
process, one or more other applicable processes, or a
combination thereof.

[0062] Insome embodiments, the material of the metal
filling layers 295M and 296M may fill the spaces between
adjacent work function tuning layers, as shown in FIG.
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13. The material of the metalfilling layers 295M and 296 M
may include tungsten, aluminum, copper, cobalt, one or
more other suitable materials, or a combination thereof.
The material of the metal filling layers 295M and 296M
may be deposited using an ALD process, a PVD process,
a CVD process, an electroplating process, an electroless
plating process, one or more other applicable processes,
or a combination thereof. Then, the material of the metal
filling layers 295M and 296M are planarized to form the
metal filling layers 295M and 296M that have substan-
tially flat top surfaces which are flush with the ILD layer
25, as shown in FIG. 13.

[0063] FIG. 14 is a perspective view of a semiconduc-
tor structure of FIG. 13, in accordance with some em-
bodiments. FIG. 14 shows the first source/drain (S/D)
features 235 and the second source/drain (S/D) features
236 adjacent to the channel layers in the fin structures
over the first region A1 and the second region A2. Also,
the source/drain (S/D) features 235 and 236 are covered
by the ILD layer 25. Referring to FIG. 13 and FIG. 14,
the top surface 295a of the metal filling layer 295M and
the top surface 296a of the metal filling layer 296M are
substantially level with the top surface of the ILD layer 25.
[0064] After the structures as shown in FIG. 13 and
FIG. 14 are formed, the subsequent processes are per-
formed to complete a FET structure including nanosheet
ornanowire transistors. For example, the gate electrodes
GE-1 and GE-2 are recessed and the cap insulating lay-
ers (not shown) are formed over the respective recessed
gate electrode, wherein each of the cap insulating layers
includes one or more layers of a silicon nitride-based
material, such as SiN. Several S/D contact holes (not
shown) are formed in the ILD layer 25 to expose the first
source/drain features 235 and the second source/drain
features 236 contacting the channel layers 12 of the sem-
iconductor stacks M1g, M25, M35, M4 Also, the gate
contactholes (notshown) are formed in the capinsulating
layers (not shown) over the gate electrodes GE-1 and
GE-2. Also, source/drain contacts (not shown) and gate
contacts (not shown) in those contact holes, in accord-
ance with some embodiments of the present disclosure.
Details of the subsequent processes for forming the FET
structure including nanosheet or nanowire transistors are
typically known and not described herein.

[0065] Referringto FIG. 13, according to some embod-
iments, the first semiconductor stacks M15 and M2 are
formed over the first region A1, and each of the first sem-
iconductor stacks M15 and M2 includes several chan-
nel layers 12 and the first gate structure (e.g. including
the first gate dielectric layers 28-1 and the first gate die-
lectric layer GE-1) on the corresponding channel layers
12. The channellayers 12 are formed above the substrate
10 and spaced apart from each other in the direction ver-
tical to the substrate 10. The second semiconductor
stacks M3 and M4 are formed over the second region
A2, and each of the second semiconductor stacks M3
and M4 includes several channel layers 12 and the sec-
ond gate structure (e.g. including the second gate die-

10

15

20

25

30

35

40

45

50

55

10

lectric layers 28-2 and the second gate dielectric layer
GE-2) on the corresponding channel layers 12. The
number of channel layers 12 of the first semiconductor
stack M1g or M2 over the first region A1 is different from
the number of channel layers 12 of the second semicon-
ductor stack M3 or M4 over the second region A2.
[0066] In some embodiments, the first gate structure
of the first semiconductor stack M1 or M2 over the first
region A1 of the substrate 10 is a gate of a transistor for
forming a high-power device subsequently, while the sec-
ond gate structure of the second semiconductor stack
M3 or M4 over the second region A2 is a gate of a
transistor for forming a low-power device subsequently.
Accordingly, the number of channel layers 12 of the first
semiconductor stack M1g or M2 over the first region A1
is less than the number of channel layers 12 of the second
semiconductor stack M35 or M4 over the second region
A2.

[0067] Although FIG. 13 depicts the first semiconduc-
tor stack (e.g. M1g or M2g) over the first region A1 in-
cludes three channel layers and the second semiconduc-
tor stack (e.g. M3g or M4) includes two channel layers
over the second region A2, it should be noted that the
first semiconductor stack (e.g. M15 or M25) may include
more than three channel layers, and the second semi-
conductor stack (e.g. M3g or M4g) may include two or
more channel layers over the second region A2. In some
embodiments, a difference between the number of chan-
nel layers 12 of the first semiconductor stack (e.g. M1
or M25) and the number of channel layers in the second
semiconductor stack (e.g. M3g or M4) is equal to (but
not limited to) 1 or greater than 1. For example, when the
number of first semiconductor stack (e.g. M1g or M2g)
over the first region A1 is N, the number of second sem-
iconductor stack (e.g. M3 or M4) over the second re-
gion A2 may be N-1, N-2 or N-3, etc., wherein N is a
positive integer equal to or greater than 4.

[0068] In addition, according to some embodiments,
formation of the gate structures, such as forming the first
gate structure and the second gate structure respectively
over the first region A1 and the second region A2 of the
substrate 10, is performed after the reduction in the
number of channel layers over the second region A2 is
completed in the same process, as shown in FIG. 11 to
FIG. 13. Thus, the portion of the second gate electrode
layer GE-2 above the uppermost channel layer (e.g. the
second channel layer 12-2) over the second region A2
is thicker than the portion of the first gate electrode layer
GE-1 above the uppermost channel layer (e.g. the third
channel layer 12-3) over the first region A1.

[0069] As shown in FIG. 13, the first distance d11 is
defined as the distance in the third direction D3 between
the top surface of the gate structure (e.g. the top surface
295a of the metal filling layer 295M) of the first semicon-
ductor stack (M1g or M2g) and the top surface of the
uppermost channel layer (e.g. the third channel layer
12-3) of the channel layers 12 of the first semiconductor
stack (M1g or M2g). The second distance d21 is defined
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as the distance in the third direction D3 between the top
surface of the gate structure (e.g. the top surface 296a
of the metal filling layer 296M) of the second semicon-
ductor stack (e.g. M3g or M4) and the top surface of
the uppermost channel layer (e.g. the second channel
layer 12-2) of the channel layers 12 of the second sem-
iconductor stack (e.g. M35 or M4). The second distance
d21 is greater than the first distance d11.

[0070] In addition, in some embodiments, the third dis-
tance dcc is defined as the distance in the third direction
D3 between adjacent channel layers 12 of the second
semiconductor stacks (e.g. M35 or M4 ) over the second
region A2. Each of the channel layers 12 has the thick-
ness Tc. As shown in FIG. 13, the second distance d21
is at least equal to the sum of the first distance d11, the
thickness Tc, and the third distance dcc, in accordance
with some embodiments.

[0071] In addition, in some embodiments, the first dis-
tance d11 is greater than about 1.3 times the third dis-
tance dcc. In some embodiments, the first distance d11
is greater than about 1.5 times the third distance dcc. In
some embodiments, the first distance d11 is greater than
about 2.0 times the third distance dcc.

[0072] Although several semiconductor stacks formed
over two regions of the substrate 10 and having different
numbers of the channel layers 12 are depicted in the
drawings for illustrating the embodiments, it should be
noted that the present disclosure is not limited the afore-
mentioned arrangement. In some other embodiments,
the substrate 10 may have more than two regions for
forming the semiconductor stacks with different numbers
of the channel layers.

[0073] FIG. 15 is a cross-sectional view of another
semiconductor structure, in accordance with some em-
bodiments. The same or similar reference numerals or
reference designators denote the same or similar ele-
ments in FIG. 15 and FIG. 13. It should be noted that
structures and material(s) of the elements in FIG. 15 are
similar to those in FIG. 13 for the previously described
embodiment, so that the details of the elements will not
be redundantly repeated herein. In addition, a method
for forming the semiconductor structure in FIG. 15 is sim-
ilar to those for the previously described embodiment,
and the details will not be repeated herein.

[0074] As shownin FIG. 15, the substrate 10 includes
the first region A1, the second region A2 and the third
region A3, wherein the first semiconductor stacks M1
and M2 are formed over the first region A1, the second
semiconductor stacks M3g and M4 are formed over the
second region A2, and the third semiconductor stacks
M55 and M6 are formed over the third region A3. Also,
the third gate structure (including the third gate dielectric
layer 28-3 and the third gate electrodes GE-3) is formed
over the third region A3, wherein the third gate electrodes
GE-3 may include the work function tuning layers 29-3
and the metal filling layer 297M. After the reduction in
the number of channel layers is performed, the numbers
of the channel layers in the first semiconductor stacks
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M15 and M2, the second semiconductor stacks M3
and M4g and the third semiconductor stacks M55 and
M6 may be different from each other, so as to meet the
performance requirements of the devices formed on
those regions. In some embodiments, each of the first
semiconductor stacks M15 and M2 includes four chan-
nel layers 12, each of the second semiconductor stacks
M3g and M4 includes three channellayers 12, and each
of the third semiconductor stacks M55 and M6 includes
two channel layers 12, as shown in FIG. 15.

[0075] According to some embodiments described
above, the semiconductor structure and method of form-
ing the same achieve several advantages. After the sac-
rificial gate structures (e.g. 231 and 232) and the sacri-
ficial layers 11 have been removed, the numbers of the
channel layers in the fin structures in different regions
can be selectively reduced, by removing one or more
exposed channel layers in the fin structures in one or
more regions. Accordingly, after fabrication, the numbers
of the channel layers in the semiconductor stacks (such
as M1g, M2g, M35, M4g) can meet the requirements of
operation conditions, thereby reducing the leakage cur-
rent of the (nanosheet or nanowire) transistors, and im-
proving the electrical performance of the transistors, in
accordance with some embodiments.

[0076] In addition, the method of forming the semicon-
ductor structure, in accordance with some embodiments,
is simple and compatible with the current process. For
example, the channel layers in the fin structures are se-
lectively removed to reduce the number of channel layers
after the sacrificial gate structures (e.g. 231 and 232) and
the sacrificial layers 11 of the fin structures have been
removed and before the gate structures are formed.
Therefore, the processes for reducing the number of
channel layers would have no considerable effect on the
other features of the transistors, such as the source/drain
features embedded in the ILD layer formed before the
reduction in the number of channel layers and the gate
structures formed after the reduction of the channel lay-
ers.

[0077] Also, many processes of the method for forming
the structures over the first region A1 and the second
region A2 of the substrate 10 can be performed simulta-
neously. For example, the first sacrificial gate structure
231 over the firstfin structures M1 and M2 and the second
sacrificial gate structure 232 over the second fin struc-
tures M3 and M4 are removed in the same step, as shown
in FIG. 7. Also, the first gate structure and the second
gate structure can be respectively formed over the first
region A1 and the second region A2 of the substrate 10
in the same step, as showninFIGs. 12 and 13. Therefore,
the method for forming a semiconductor structure of the
embodiments provides a simple fabrication method that
is compatible with the current method. Also the method
of the embodiments forms a semiconductor structure with
flat surfaces. For example, the top surface 295a of the
metal filling layer 295M is level with the top surface 296a
of the metal filling layer 296M, as shown in FIG. 13.
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[0078] It should be noted that the details of the struc-
tures of the embodiments are provided for exemplifica-
tion, and the described details of the embodiments are
not intended to limit the present disclosure. It should be
noted that not all embodiments of the invention are
shown. Modifications and variations can be made without
departing from the spirit of the disclosure to meet the
requirements of the practical applications. Thus, there
may be other embodiments of the present disclosure
which are not specifically illustrated. Furthermore, the
accompanying drawings are simplified for clear illustra-
tions of the embodiment. Sizes and proportions in the
drawings may not be directly proportional to actual prod-
ucts. Thus, the specification and the drawings are to be
regard as an illustrative sense rather than a restrictive
sense.

[0079] While the invention has been described by way
of example and in terms of the preferred embodiments,
it should be understood that the invention is not limited
to the disclosed embodiments. On the contrary, it is in-
tended to cover various modifications and similar ar-
rangements (as would be apparent to those skilled in the
art). Therefore, the scope of the appended claims should
be accorded the broadest interpretation so as to encom-
pass all such modifications and similar arrangements.

Examples
[0080]

Example 1: A semiconductor structure, comprising:
semiconductor stacks over a substrate, wherein
each of the semiconductor stacks extends in a first
direction, and adjacent semiconductor stacks are
spaced apart from each other in a second direction,
which is different from the first direction, wherein one
of the semiconductor stacks comprises:

channel layers above the substrate and spaced
apart from each otherin a third direction, where-
inthe third directionis vertical to the first direction
and the second direction; and

a gate structure, comprising:

gate dielectric layers formed around the re-
spective channel layers; and

a gate electrode layer formed on the gate
dielectriclayers to surround the channel lay-
ers,

wherein a distance in the third direction be-
tween a top surface of the gate structure of
the one of the semiconductor stacks and a
top surface of an uppermost channel layer
of the channel layers in the one of the sem-
iconductor stacks is referred to as afirst dis-
tance, and a distance in the third direction
between adjacent channel layers in the one
of the semiconductor stacks is referred to
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as a second distance, wherein the first dis-
tance is greater than 1.3 times the second
distance.

Example 2: The semiconductor structure as dis-
closed in example 1, wherein the first distance is
equal to or greater than 1.5 times the second dis-
tance.

Example 3: The semiconductor structure as dis-
closed in example 1, wherein the first distance is
equal to or greater than 2.0 times the second dis-
tance.

Example 4: The semiconductor structure as dis-
closed in example 1, wherein the one of the semi-
conductor stacks is a first semiconductor stack, and
the semiconductor stacks further comprise a second
semiconductor stack over the substrate, wherein the
first semiconductor stack and the second semicon-
ductor stack are respectively formed over the first
region and the second region of the substrate, and
the second semiconductor stack comprises:

other channel layers above the substrate and
spaced apart from each other in the third direc-
tion; and

another gate structure around the other channel
layers,

wherein the number of other channel layers in
the second semiconductor stack is greater than
the number of channel layers in the first semi-
conductor stack.

Example 5: The semiconductor structure as dis-
closed in example 4, wherein a top surface of the
gate structure of the first semiconductor stack is level
with a top surface of the other gate structure of the
second semiconductor stack.

Example 6: The semiconductor structure as dis-
closed in example 4, wherein a distance in the third
direction between a top surface of the other gate
structure of the second semiconductor stack and a
top surface of an uppermost channel layer of the
other channel layers in the second semiconductor
stack is referred to as a third distance, wherein the
first distance is greater than the third distance.

Claims

1. A semiconductor structure, comprising:
a first semiconductor stack and a second semicon-
ductor stack respectively formed over a first region
and a second region of a substrate, wherein the first
semiconductor stack and the second semiconductor
stack extend in afirst direction and are spaced apart
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from each other in a second direction, which is dif-
ferent from the first direction, and each of the first
semiconductor stack and the second semiconductor
stack comprises:

channel layers above the substrate and spaced
apart from each otherin a third direction, where-
inthe third directionis vertical to the first direction
and the second direction; and

a gate structure, comprising:

gate dielectric layers formed around the re-
spective channel layers; and

a gate electrode layer formed on the gate
dielectriclayers to surround the channel lay-
ers,

wherein there is a different number of the
channel layers in the first semiconductor
stack than there is in the second semicon-
ductor stack.

The semiconductor structure as claimed in claim 1,
wherein the number of the channel layers in the sec-
ond semiconductor stack is less than the number of
the channel layers in the first semiconductor stack.

The semiconductor structure as claimed in claim 2,
wherein the gate structure of the first semiconductor
stack over the first region of the substrate is a gate
of atransistor for a high-power device, while the gate
structure of the second semiconductor stack over
the second region of the substrate is another gate
of another transistor for a low-power device.

The semiconductor structure as claimed in one of
the preceding claims, wherein a difference between
the number of the channel layers in the first semi-
conductor stack and the number of the channel lay-
ers in the second semiconductor stack is equal to or
greater than 1.

The semiconductor structure as claimed in one of
the preceding claims, wherein the number of the
channel layers in the first semiconductor stack is N,
and the number of the channel layers in the second
semiconductor stack is N-1 or N-2 or N-3, wherein
N is a positive integer equal to or greater than 4.

The semiconductor structure as claimed in one of
the preceding claims, wherein a top surface of the
gate structure of the first semiconductor stackis level
with a top surface of the gate structure of the second
semiconductor stack.

The semiconductor structure as claimed in one of
the preceding claims, wherein a distance in the third
direction between a top surface of the gate structure
of the first semiconductor stack and a top surface of
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an uppermost channel layer of the channel layers in
the first semiconductor stack is referred to as a first
distance; and

adistancein the third direction between atop surface
of the gate structure of the second semiconductor
stack and a top surface of an uppermost channel
layer of the channel layers in the second semicon-
ductor stack is referred to as a second distance,
wherein the second distance is greater than the first
distance.

The semiconductor structure as claimed in one of
claims 1 to 6, wherein a distance in the third direction
between a top surface of the gate structure of one
of the first and second semiconductor stacks and a
top surface of an uppermost channel layer of the
channellayersin this semiconductor stackis referred
to as a first distance, and a distance in the third di-
rection between adjacent channel layers in this sem-
iconductor stack is referred to as a third distance,
wherein the first distance is greater than 1.3 times
the third distance, preferably equal to or greater than
1.5 times the third distance, and most preferably
equal to or greater than 2.0 times the third distance.

The semiconductor structure as claimed in one of
the preceding claims, wherein the channel layers in-
clude a material containing one or more elements
selected from group IV semiconductor materials or
selected from group 1ll-V semiconductor materials,
and/or further comprising:

a third semiconductor stack formed over a third re-
gion of the substrate and extending in the first direc-
tion, wherein the third semiconductor stack and the
second semiconductor stack are spaced apart from
each other, and the third semiconductor stack com-
prises:

other channel layers above the substrate and
spaced apart from each other in the third direc-
tion; and

another gate structure around the other channel
layers,

wherein the number of the other channel layers
in the third semiconductor stack is different from
the number of the channel layers in the second
semiconductor stack, and also different from the
number of the channel layers in the first semi-
conductor stack.

10. A method of forming a semiconductor structure,

comprising:
providing a structure comprising:

a fin structure over a substrate, wherein the fin
structure includes a stack of alternating channel
layers and sacrificial layers within the stack;

a sacrificial gate structure over the fin structure;
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source/drain features on opposite sides of the
sacrificial gate structure, wherein the
source/drain features are adjacent to the chan-
nel layers in the fin structure; and

an interlayer dielectric (ILD) layer over the sub-
strate and covering the source/drain features
and exposing the sacrificial gate structure;
removing the sacrificial gate structure;
removing the sacrificial layers in the fin structure
so that the channel layers in the fin structure are
exposed;

removing a portion of the exposed channel lay-
ers; and

forming a gate structure around remaining por-
tions of the exposed channel layers.

11. The method as claimed in claim 10, wherein the

structure further comprises:

a first fin structure over a first region of the sub-
strate, wherein the first fin structure includes a
first stack of alternating channel layers and sac-
rificial layers within the first stack;

a first sacrificial gate structure over the first fin
structure; and

first source/drain features on opposite sides of
the first sacrificial gate structure, wherein the
first source/drain features are adjacent to the
channel layers in the first fin structure,

wherein the fin structure, the sacrificial gate
structure, and the source/drain features are a
second fin structure, a second sacrificial gate
structure and second source/drain features, re-
spectively, over a second region of the sub-
strate, and

wherein the interlayer dielectric (ILD) layer cov-
ers the first source/drain features and the sec-
ond source/drain features, and the first sacrifi-
cial gate structure and the second sacrificial gate
structure are exposed.

12. The method as claimed in claim 10 or 11, wherein

removing the portion of the exposed channel layers
comprises:

forming a mask layer over the substrate, wherein the
mask layer includes:

a first part covering the exposed channel layers
in the first stack; and

a second part exposing the portion of the ex-
posed channel layers in the second stack and
covering the remaining portions of the exposed
channel layers in the second stack;

removing the portion of the exposed channel lay-
ers in the second stack; and

removing the mask layer.

13. The method as claimed in claim 12, wherein the
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mask layer comprises:

a first material layer fully filling spaces that are
formed by removing the first sacrificial gate
structure and the second sacrificial gate struc-
ture, wherein the first material layer covers the
exposed channel layers in the first stack and the
second stack;

a second material layer on the first material lay-
er; and

a third material layer on the second material lay-
er, wherein the third material layer comprises a
pattern for exposing a portion of the second ma-
terial layer over the second region of the sub-
strate.

The method as claimed in one of claims 10 to 13,
wherein before the portion of the exposed channel
layers in the second stack is removed, the first sac-
rificial gate structure over the first fin structure and
the second sacrificial gate structure over the second
fin structure are removed in the same removal step.

The method as claimed in one of claims 10 to 14,
wherein after the portion of the exposed channel lay-
ers in the second stack is removed, the method fur-
ther comprises providing a first gate structure around
the exposed channel layers in the first stack,
wherein the gate structure around the remaining por-
tions of the exposed channel layers in the second
stack is a second gate structure,

wherein preferably the first gate structure and the
second gate structure are respectively formed over
thefirstregion and the second region of the substrate
in the same processing step, and/or

wherein after the portion of the exposed channel lay-
ers in the second stack is removed, the number of
the exposed channel layers in the first stack is great-
er than the number of the exposed channel layers in
the second stack.
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